Abstract. In this paper, a novel robust control method is proposed for uncertain time-delayed systems. The objective is to guarantee system stability and robustness against modeling errors. A fuzzy estimator is developed to predict the uncertain plant time-delay. Smith predictor is exploited. An adaptive tuning law is developed to further improve the control system performance. The proposed robust control method is successfully applied to a heat exchanger control system. Simulation results show that the approach is indeed effective. System robustness as well as stability is achieved.
Introduction
Time-delays are frequently encountered in many real systems, such as information networks, chemical processes, hydraulic and rolling mill systems, electrical heating, and long transmission lines in pneumatic devices [1] [2] [3] . Because time-delays place limits on the achievable bandwidth and allowed maximum gain, feedback control in the presence of time-delays leads to particular difficulties [2] [3] [4] [5] . Many conventional control techniques are not applicable to the systems with time-delays. For example, conventional PID controllers are not effective for time-delayed systems. Smith predictors have been proposed to be the supplementary technique for designing time-delayed control systems [1, 6, 7] . With the Smith predictor, a controller designed for a control system with no time-delay can be adopted if the plant model matches the real plant. However, unless the plant time-delay is exactly known, the control system would likely become unstable using the prevailing control methods involving the Smith predictors. Therefore, the determination of the system model, the model time-delay, and the corresponding parameters of the controller are very important.
Various approaches for time-delayed systems have been proposed. A fuzzy logic with linear quadratic regulator (LQR) controller was addressed for networked control systems with time-variant delays [4] . The problem of H-infinity sliding mode control for uncertain time-delay systems subjected to input nonlinearity was investigated [5] .
In this paper, based on the concept of Smith predictor we propose a fuzzy logic controller (FLC) to predict the unknown plant time-delay and on-line tune the model time-delay accordingly. An example is carried out to demonstrate that the proposed fuzzy estimator with adaptive law and Smith predictor can effectively achieve system stability and robustness.
Smith Predictor
Consider the diagram of the Smith predictor as shown in Fig. 1 , the region within the dashed line is designed to cancel the time-delay characteristic of the original feedback signal. The closed-loop transfer function of the time-delayed system becomes
(
Remarkably, the characteristic polynomial in (1) has no time-delay. Therefore, the control system performance and stability can be improved. Better time response can be achieved. The above effect relies on exact knowledge of the time-delay. Unfortunately, the time-delay is uncertain for most physical systems. In the following, an improved approach for the uncertain time-delayed systems is proposed. Fig. 1 . Structure of Smith predictor control system.
Control Methodology
The proposed control system structure is shown in Fig. 2 , the region within the dashed line is the modified Smith predictor. The time-delay T is estimated through the use of FLC. The model time-delay must be adjusted such that y and m y become equal. 
Fuzzy Estimator Design
Estimator generator. Define the area
As shown in Fig. 3 , it is obvious that the area Fuzzy logic control. According to the above investigation, the fuzzy logic control can be established as follows. There are four principal components of the FLC: fuzzifier, fuzzy rule base, inference engine, and defuzzifier [8] . The rule notation form is :
where the fuzzy inputs e and e ∆ stand for the error of area, and the variation of the error e at every sampling time. All the fuzzy set membership functions adopted here are triangular-shaped functions, as shown in Fig. 4 . The fuzzy rules are as shown in Table 1 . In this paper, the center of gravity method is used in the module of defuzzification, i.e., 
Example
A heat exchanger is referred [9] . The proposed control method provides better compensation to overcome the oscillation, as shown in 
Conclusions
This paper proposes a novel robust control method for a class of unknown time-delayed systems. The developed fuzzy estimator and adaptive law are valuable support to the proposed Smith predictor structure. The advantage is the precise estimation of the unknown time-delay and the adjustment of the estimated time-delay of the mathematical model. Further, the proposed method can potentially stabilize a class of divergent or oscillating system. The proof of the effectiveness and correctness of the fuzzy estimator is given. Applying this approach, one can easily design a suitable controller for unknown time-delayed systems 
